Gamma ray exposure buildup factors for three Heavy Metal Oxide (HMO) glass systems, viz. PbO-Bi2O3-B2O3, PbO-B2O3, and Bi2O3-B2O3 glasses are presented. The computations were done by interpolation method using the Geometric Progression fitting formula and ANSI/ANS-6.4.3 library for the energy range from 0.015 to 15 MeV, up to penetration depths of 40 mfp (mean free path). The buildup factors have been studied as functions of incident photon energy and penetration depth. The variations in the buildup factor, for all the glass systems, in different energy regions, have been presented in the form of graphs. Buildup factors of these HMO glasses cannot be found in any standard database, but they are useful for practical calculations in gamma ray shield designs, and they also help to determine and control the thickness of the shielding material used.
I. INTRODUCTION
As technology advances, there is a constant need to develop materials, which can be used under a hostile environment of high nuclear radiation exposure and can act as a good radiation shield [1] . In this regard, glasses are promising materials because of their homogeneity and range of composition. Typical applications of radiation shielding glasses are in hospital X-ray rooms, radiation therapy rooms, airport security X-ray screens, for materials testing, nuclear facilities, dental clinics, laboratories, X-ray and radiation protection spectacles. Glasses are also used in space technology for protecting human beings and equipment from harmful radiation such as gamma and cosmic rays. Glass has also been suggested for the containment of radioactive waste products.
In general, the Heavy Metal Oxide (HMO) glasses, based on for example PbO or Bi 2 O 3 [2] [3] [4] [5] [6] , have potential applications in radiation shielding, since they have large * E-mail: sr.manohara@yahoo.com † E-mail: gerward@fysik.dtu.dk absorption cross section for radiation and at the same time small irradiation effects on their mechanical and optical properties. The HMO glasses are better shields to gamma-radiations and may be used as transparent radiation shielding materials [7] . Recently, bismuth based glasses have received attention due to its many potential applications [8, 9] . So it becomes a prerequisite to study the interaction of radiation with these glass materials, considering both the primary and the secondary part of the radiation. The buildup factor helps to determine and control the thickness of the shielding material used. The exposure buildup factor is the photon buildup factor in which the quantity of interest is exposure and the detector response function is that of absorption in air.
In the present work, the gamma ray exposure buildup factors were computed using the Geometric Progression (G-P) fitting formula for HMO glass systems, viz. PbO- incident photon energy and penetration depth. Buildup factors of these HMO glasses cannot be found in any standard database, but they are useful for practical calculations in gamma ray shield designs.
II. METHOD OF COMPUTATION
The procedure of calculating the buildup factors has been described in detail elsewhere by the authors [10] . In brief, our computational work can be divided into three steps:
1. Calculation of equivalent atomic number, Z eq .
[11,12] 2. Calculation of the Geometric-Progression (G-P) fitting parameters using interpolation method. [11, 12] 3. Calculation of the exposure buildup factors. [13, 14] The G-P fitting parameters for exposure buildup factors were computed by the process of interpolation using Z eq values. Finally, these G-P fitting parameters were used to generate exposure buildup factors for the present glasses using the G-P fitting formula [13, 14] . G-P fitting parameters for the pure elements were taken from the standard reference database, ANSI/ANS-6.4.3 [15] .
III. RESULTS AND DISCUSSION

Standardization of the procedure
The present method was checked by calculating exposure buildup factors for water in the energy range 0.015 to 15 MeV and up to penetration depths of 40 mfp, and comparing these results with the corresponding ANSI/ANS-6.4.3 data [15] . It can be seen from Fig. 1 that, the present method yields exposure buildup factors for water, which are in excellent agreement with standard data. This gives confidence in our results for the glass materials. 
Exposure buildup factors of HMO Glasses
The computed exposure G-P parameters for the present HMO glasses are given in Tables 1 -3 . These parameters have been used to get the buildup factor data. The generated data on exposure buildup factors for the present glass materials have been studied as a function of incident photon energy and penetration depths.
Figures 2(a) -2(c) show the variation of exposure buildup factors as function of penetration depth for some selected photon energies in the energy range 0.015 -15 MeV. It can be seen that, the buildup factor is almost constant [ ∼ = unity] for all penetration depths at the lowest energy, i.e., 0.015 MeV. At higher energies, the buildup factor increases with increase in penetration depth for all glass materials. This is because more multiple-scattered photons are generated at large penetration depths thereby increasing the buildup factor.
The exposure buildup factors are shown as function of incident photon energy in Figs. 3(a) -3(c) for some selected penetration depths from 1 to 40 mfp. It can be observed that, buildup factor values are almost constant up to 0.06 MeV, and then suddenly have a peak at about 0.1 MeV. After this, again there are lower values of buildup factors and then their values are steadily increasing with increasing energy. In case of 0.3PbO-0.6Bi 2 O 3 -0.1B 2 O 3 there are two peaks due to the presence of lead and bismuth.
The maximum value of the buildup factor for 0.3PbO- 15 MeV. E peak increases slightly with increase in penetration depth, but this is a minor effect. The energy E peak also increases with increasing Z eq of the glass materials. At these energies, Compton scattering is the major photon interaction process, and photoelectric absorption is of relatively low importance, leading to large buildup factors. The large value of the buildup factor is attributed due to the fact that, maximum multiple scattering occurs around this energy region (0.1 -0.15 MeV) which results in the accumulation of photons, because large numbers of Compton processes are required to degrade the energy of these photons. Therefore, degraded energy photons exist for a longer time, which results in their buildup in the material. Photoelectric absorption has low importance, since these glass materials have high values of effective atomic number, Z eff [7, 16] . It is well established that the photoelectric cross-section is proportional to Z 4−5 and inversely proportional to E 7/2 . It follows that, generally, the photoelectric effect is important for the absorption of low-energy photons, in particular for high-Z materials. Hence, the buildup factor is negligible at low energy region (<0.06 MeV). 
IV. CONCLUSION
In the present investigation, the G-P fitting formula has been used for calculating exposure buildup factors of HMO glasses. The buildup factors have been found to vary with photon energy and penetration depth.
The results of the present work on HMO glasses cannot be found in any standard database, but they are useful for practical calculations in gamma ray shield designs, and they also help to determine and control the thickness of the shielding material used. 
